The replication of many viral and subviral pathogens as well as the amplification of certain cellular genes proceeds via a rolling circle mechanism. For potato spindle tuber (PSTVd) and related viroids, the possible role of a circular (؊)strand RNA as a template for synthesis of (؉)strand progeny is unclear. Infected plants appear to contain only multimeric linear (؊)strand RNAs, and attempts to initiate infection with multimeric (؊)PSTVd RNAs generally have failed. To examine critically the infectivity of monomeric (؊)strand viroid RNAs, we have developed a ribozymebased expression system for the production of precisely full length (؊)strand RNAs whose termini are capable of undergoing facile circularization in vitro. Mechanical inoculation of tomato seedlings with electrophoretically purified (؊)PSTVd RNA led to a small fraction of plants becoming infected whereas parallel assays with an analogous tomato planta macho viroid (؊)RNA resulted in a much larger fraction of infected plants. Ribozyme-mediated production of (؊)PSTVd RNA in transgenic plants led to the appearance of monomeric circular (؊)PSTVd RNA and large amounts of (؉)PSTVd progeny. No monomeric circular (؊)PSTVd RNA could be detected in naturally infected plants by using either ribonuclease protection or electrophoresis under partially denaturing conditions. Although not a component of the normal replicative pathway, precisely full length (؊)PSTVd RNA appears to contain all of the structural and regulatory elements necessary for initiation of viroid replication.
Viroids-small, single-stranded, circular RNAs containing 246-463 nucleotides arranged in a rod-like secondary structure-are the smallest pathogenic agents yet described. Unlike the many satellite or defective interfering RNAs associated with plant viruses, viroids replicate autonomously on inoculation of a susceptible host (1, 2) . The absence of a protein capsid and of detectable messenger RNA activity implies that the information necessary for replication and pathogenesis resides within the unusual structure of the viroid genome.
Viroid-infected tissue contains a variety of multimeric RNAs, and replication is thought to proceed via a ''rolling circle'' mechanism (see Fig. 6 ). Replication of avocado sunblotch viroid (ASBVd) uses a symmetric pathway in which circular forms of both (ϩ) and (Ϫ)ASBVd RNA serve as a template for synthesis of complementary multimers that are cleaved into monomers and ligated to form circular progeny (3) . Replication of potato spindle tuber (PSTVd) and related viroids, in contrast, appears to proceed via an asymmetric pathway in which multimeric linear (Ϫ)strands synthesized from the circular (ϩ)PSTVd inoculum serve as a template for synthesis of (ϩ)strand multimers from which the circular progeny are derived via cleavage and ligation (4) . Although multimeric ASBVd RNAs of either polarity undergo ribozyme-mediated self-cleavage (5), one or more host-encoded nuclease activities appear to be necessary for the specific cleavage͞ligation of multimeric (ϩ)PSTVd RNAs (6) (7) (8) . Synthesis of both (ϩ) and (Ϫ)PSTVd RNAs is inhibited by low levels of ␣-amanitin (9) , indicating the involvement of DNAdependent RNA polymerase II.
Interest in their mode of replication has been heightened by the possibility that viroids may represent ''relics'' of a precellular RNA world (10) . For example, their circular structure and the existence of efficient mechanisms for the precise cleavage of monomeric progeny from oligomeric replication intermediates may eliminate the need for discrete initiation or termination signals. Circular (ϩ)PSTVd (i.e., viroid progeny) is always present in vast excess over any replicative intermediates, and available nucleic acid hybridization and fingerprinting data alone do not exclude a possible role for a circular (Ϫ)PSTVd RNA in PSTVd replication (4, 11) . Similarly, interpretation of infectivity studies with multimeric (Ϫ)PSTVd RNAs is complicated by the relatively low specific infectivity of such RNAs (12) .
To investigate the possible role of a circular (Ϫ)RNA in PSTVd replication, we have developed an expression system for the ribozyme-mediated production of a precisely full length (Ϫ)PSTVd RNA whose termini are capable of undergoing facile circularization. The infectivity of such an RNA appears to represent a previously undescribed pathway for initiating viroid replication, one that is distinctly different from the normal replicative pathway.
MATERIALS AND METHODS
Plasmid Constructs. A paperclip ribozyme sequence designed to leave the sequence CCCCGGGϾp at the 3Ј end of either (Ϫ)PSTVd or (Ϫ)TPMVd RNA transcripts was generated from plasmid pT7(Ϫ)miniM n ϭ 7 (13) in PCRs containing a ''universal'' M13 sequencing primer (5Ј-GTAAAACGACGGCCAGT-3Ј) plus an oligonucleotide designated ''PSTVd PC(Ϫ)'' (5Ј GGG-AGATCTAGCGCTTCAGGGTCCTGTCCGTATGACAGA-GAACTGAACCAG-3Ј). After digestion with BglII and HindIII, this PCR product was cloned in pTZ18R Rz6Ј-1, a vector containing a hammerhead ribozyme and designed to leave the sequence HO-GATCC at the 5Ј terminus of either (Ϫ)PSTVd or (Ϫ)TPMVd RNA transcripts. The resulting vector construct was designated pTZ18R Rz(Ϫ)4. After digestion with BamHI and XmaI, a double-stranded PSTVd cDNA was cloned into BglII ϩ AvaI-digested pTZ18R Rz(Ϫ)4, and colonies containing full length inserts were used for synthesis of (Ϫ)PSTVd RNA. A slightly different vector was used for the (Ϫ)TPMVd construct, and, as a result, the hammerhead ribozyme formed a 10-bp stem with the (Ϫ)TPMVd RNA rather than the 8-bp stem shown in Fig. 1 .
Transgenic Plants. To obtain transgenic Nicotiana benthamiana L. plants constitutively expressing (Ϫ)PSTVd RNA, the PSTVd cDNA-ribozyme cassette was excised from pTZ18R Rz(Ϫ)4 by digestion with EcoRI and HindIII and recloned in plasmid pGEM-7Zf(ϩ) (Promega). After conversion of the unique HindIII site in the resulting plasmid to an NheI site, the cassette was excised by digestion with NheI and XbaI and transferred to the partially filled HindIII site of pGA643 (14) downstream from the 35S promoter of cauliflower mosaic virus. The resulting recombinant plasmid was transformed directly into competent Agrobacterium tumefaciens (strain 5922) cells containing the helper plasmid pC2760 (15) . Protocols for transformation of leaf tissue from N. benthamiana and identification of transformed plants by PCR have been described elsewhere (16, 17) .
Biological Activity of Viroid-Complementary RNAs. Plasmid DNAs were linearized with HindIII and transcribed with T7 RNA polymerase as suggested by the manufacturer (Promega) except that the Mg 2ϩ concentration was increased to 15 mM. RNAs were recovered by phenol-chloroform extraction and ethanol precipitation, and monomeric linear (Ϫ)PSTVd or (Ϫ)TPMVd RNAs were purified by electrophoresis in 5% polyacrylamide gels containing 1 ϫ TBE buffer [90 mM Tris, 90 mM boric acid, and 2.5 mM EDTA (pH 8.3)]͞7 M urea.
After elution with 0.5 M ammonium acetate and ethanol precipitation (18) , RNAs were dissolved in 20 mM sodium phosphate buffer (pH 7.0), and aliquots containing Ϸ30 ng͞ml (Ϫ)PSTVd or (Ϫ)TPMVd RNA were rubbed on the carborundum-dusted cotyledons of week-old tomato seedlings. Inoculated plants were maintained in a greenhouse for 6-7 weeks under conditions suitable for viroid replication and symptom development, and tissue samples were assayed for the presence of viroid progeny by dot-blot hybridization with digoxygenin-labeled, viroid-specific RNA probes (19) .
Characterization of PSTVd-Related RNAs. 32 P-labeled PSTVd RNA transcripts synthesized in vitro were purified by electrophoresis in 5% polyacrylamide gels containing 1ϫ TBE buffer͞7 M urea and circularized by incubation with a cell-free wheat germ extract (Promega). After phenol-chloroform extraction and ethanol precipitation, the resulting mixtures of linear and circular RNAs were analyzed by temperature gradient gel electrophoresis in 5% polyacrylamide gels containing 0.2 ϫ TBE buffer͞5 mM NaCl (20) .
Total RNA was extracted from samples of leaf tissue collected from individual transgenic plants (0.1 gm) by using the TRI reagent (Molecular Research Center, Cincinnati) and quantitated by UV spectrophotometry. PSTVd concentrations in individual RNA preparations were estimated by dot-blot hybridization as described above. For Northern analysis, aliquots (15 l) containing 40-60 pg PSTVd-related RNA [either (ϩ) or (Ϫ)strands] were mixed with a equal volume of loading buffer (90% formamide͞10 mM EDTA͞0.02% bromophenol blue͞0.02% xylene cyanol), heated for 3 min at 94°, and chilled on ice before fractionation in 5% polyacrylamide gels containing 1 ϫ TBE buffer͞8 M urea. After electrophoresis, the RNAs were electrotransferred to Nytran Plus membranes (Schleicher & Schuell), UV-crosslinked, and hybridized with digoxygenin-labeled, strand-specific RNA probes.
Ribonuclease protection assays (RPAs) were carried out as described by the manufacturer (Ambion, Austin, TX) by using 32 P-labeled probes synthesized from plasmids pST64-B5 and pST65-B5 (21). In both cases, the PSTVd cDNA termini were derived from the unique BamHI site at positions 87-92, and the respective probes contained either a 6-nt or an 11-nt sequence duplication. Each assay contained 30 pg (ϩ)PSTVd or (Ϫ)PSTVd RNA (determined by dot-blot hybridization) and Ϸ1 ϫ 10 5 cpm 32 P-labeled probe. Protected fragments were fractionated on 6% nondenaturing polyacrylamide gels and visualized by autoradiography. Fig. 1 A, appropriate modifications of noncatalytic sequences in ribozymes derived from the satellite RNA of tobacco ringspot virus (sTRSV RNA) (22) resulted in an expression cassette that can be used to synthesize precisely full length (Ϫ)PSTVd RNA. Spontaneous cleavage of the initial T7 transcript at both the 5Ј-and 3Ј-cleavage sites releases a precisely full length (Ϫ)PSTVd RNA plus the two f lanking ribozyme sequences. Cleavage at either the hammerhead or paperclip site alone produces a mixture of longer RNAs containing both ribozyme-and PSTVd-specific sequences. As shown in Fig. 1B , the choice of positions 91-92 as the sites of ribozyme cleavage results in a linear (Ϫ)PSTVd RNA molecule whose termini are located within a helical portion of the central conserved domain (23) .
RESULTS

Ribozyme-Mediated Production of Viroid-Complementary RNAs. As shown in
After overnight incubation with T7 RNA polymerase, transcription products from the (Ϫ)PSTVd RNA expression cassette were examined by PAGE under denaturing conditions. Data presented in Fig. 2A show that, in addition to a residual full length RNA transcript, each of the predicted single-and double-cleavage products also was present. Because (Ϫ)PSTVd RNA is a highly structured molecule (24) , the relatively high yield of fully processed RNA suggests that ribozyme cleavage probably occurs before synthesis of the nascent transcript is complete. Furthermore, the 5Ј-hydroxyl and 2Ј,3Ј-cyclic phosphate termini generated by ribozyme cleavage permit efficient circularization of fully processed (Ϫ)PSTVd RNA by incubation with wheat germ ligase (compare lanes 2 and 3 of Fig. 2B ). The initial product of ligation is a 2Ј-phosphomonoester, 3Ј,5Ј-phosphodiester linkage also known as a ''Filipowicz junction'' (25) .
Infectivity of (؊)PSTVd and (؊)TPMVd RNAs. The infectivity of precisely full length (Ϫ)PSTVd and (Ϫ)TPMVd RNAs released by ribozyme cleavage and purified by gel electrophoresis under denaturing conditions was examined in a series of bioassays on tomato seedlings. As shown in Table 1 , only a small proportion of plants became infected after inoculation with 20-30 ng͞ml (Ϫ)PSTVd RNA. A considerably higher proportion of infected plants was observed in parallel assays with (Ϫ)TPMVd RNA, but the specific infectivity of either RNA was still quite low-i.e., Ϸ10 Ϫ4 that of a comparable preparation of precisely full length (ϩ)PSTVd. (Ϫ)TPMVd RNA was chosen to confirm the results obtained with (Ϫ)PSTVd because no studies involving (ϩ)TPMVd RNAs had been carried out recently in our laboratory or greenhouse facilities.
Circularization of (؊)PSTVd RNA in Vivo. To further examine the possible role of monomeric (Ϫ)PSTVd RNA as template for PSTVd replication, we constructed several lines of transgenic N. benthamiana plants in which constitutive transcription of an expression cassette similar to that shown in Fig. 1 is driven by a cauliflower mosaic virus 35S promoter. In one group of plants, ribozyme-mediated cleavage of the initial RNA transcript was expected to release monomeric (Ϫ)PSTVd RNA; for the second group, the expected cleavage product was a monomeric (ϩ)PSTVd RNA. Total RNA was prepared from leaf tissue collected from individual transformed plants, and the nature of the PSTVd-related RNAs present was assessed by a combination of Northern analysis and RPAs. Figs. 3 and 4 present the results of these analyses.
All 10 plants that constitutively expressed (ϩ)PSTVd RNA became PSTVd-infected while still in tissue culture. Most (but not all) of the plants expressing (Ϫ)PSTVd RNA also became infected, and there were no obvious differences in PSTVd titer among the various infected plants (results not shown). Total RNA was extracted from four PSTVd-infected plants: three plants expressing (Ϫ)PSTVd RNA and one ''positive control'' that expressed (ϩ)PSTVd. Aliquots containing equal amounts of (ϩ) or (Ϫ)PSTVd RNAs were fractionated by electrophoresis under denaturing conditions and subjected to Northern analysis by using strand-specific probes.
As shown in Fig. 3 , all four infected plants contained easily detectable levels of circular (ϩ)PSTVd progeny (Fig. 3 Left, lanes 3-6). A parallel analysis using a probe specific for (Ϫ)PSTVd RNA revealed the presence of monomeric linear (Ϫ)PSTVd RNA only in those plants that constitutively expressed such a molecule (in Fig. 3 Right, compare lanes 4-6 with lane 3). Those three plants that expressed (Ϫ)PSTVd also appeared to contain higher relative concentrations of greaterthan-unit-length (Ϫ)PSTVd. None of the four samples, however, yielded a discrete band corresponding to the circularized (Ϫ)PSTVd RNA marker (Fig. 3 Right, lane 8) .
Total RNA preparations also were examined for the presence of circularized (Ϫ)PSTVd by using RPA. As described in Materials and Methods, the strand-specific probes used in these analyses contained short sequence duplications overlapping the potential ligation sites in their respective targets. Digestion of the resulting RNA:RNA hybrids with RNase would, therefore, be expected to produce small amounts of a nicked, circular (i.e., incompletely digested) duplex as well as the completely digested, linear, 359-bp duplex. Indeed, data presented in Fig. 4 show that, when circularized in vitro RNA transcripts were used as targets, easily detectable amounts of such a slowly migrating species were formed. Similar results were obtained when either (Ϫ)PSTVd or (ϩ)PSTVd RNA was used as target (compare Fig. 4 Left, lane 2 with Fig. 4 Right, lane 4). Although all four transgenic plants contained circular (ϩ)PSTVd progeny, circularized (Ϫ)PSTVd RNA was detected only in those plants that constitutively expressed (Ϫ)PSTVd RNA (Fig 4 Right, lanes 3-6) .
Electrophoretic Separation of Circular (؉) and (؊)PSTVd RNAs. Results of dot-blot hybridization assays carried out before the RPA analyses described above showed that transgenic plants constitutively expressing (Ϫ)PSTVd RNA contained Ϸ25-fold more (Ϫ)PSTVd RNA than comparable Initial inoculum concentration ϭ 20-30 ng/l. Each inoculum was tested in at least two independent infectivity trials. All data expressed as plants infected/plants inoculated. nd, not done. (24, 26) . Denaturation of a monomeric (ϩ)PSTVd RNA with termini derived from positions 281-282 was characterized by a single cooperative transition, whereas the profile of the corresponding (Ϫ)PSTVd RNA was biphasic, exhibiting two transitions of roughly equal magnitude. The ability of wheat germ RNA ligase to circularize the precisely full length (ϩ) and (Ϫ)PSTVd RNAs produced by ribozyme cleavage in vitro allowed us to compare directly by temperature gradient gel electrophoresis the structural properties of the respective circular forms of (ϩ) and (Ϫ)PSTVd RNAs.
As shown in Fig. 5 , denaturation of circularized (Ϫ)PSTVd RNA also was biphasic. Note, in particular, that the first transition was virtually complete at temperatures where (ϩ)PSTVd was just beginning to denature. By using appropriate combinations of buffer concentration and running temperature (e.g., 0.2 ϫ TBE buffer͞5 mM NaCl at 44°C), it was possible to separate circularized (Ϫ)PSTVd RNA from a vast excess of circular (ϩ)PSTVd progeny by a more traditional one-dimensional PAGE protocol. The sensitivity of such an analysis carried out at 44°in the presence of 0.2 ϫ TBE buffer͞5 mM NaCl was sufficient to detect 5 pg of circularized (Ϫ)PSTVd RNA transcripts in the presence of 5000 pg of circularized (ϩ)PSTVd RNA. The absence of a comparable band from an analysis of total RNA extracted from a transgenic plant constitutively expressing (ϩ)PSTVd RNA and containing 10 ng (ϩ)PSTVd indicates that the ratio of circular (ϩ)PSTVd to circular (Ϫ)PSTVd RNA in such plants must have been Ͼ2000:1 (results not shown). weakly infectious (12) . Complicating the interpretation of such data is the possibility of contamination by traces of infectious (ϩ)strand RNA transcribed from the opposite strand of the DNA template (27) . Three features of our double ribozyme expression strategy-the absence of any known RNA polymerase promoter sequences in the opposite strand of the DNA template, the inability of sequences complementary to the ribozymes to undergo self-cleavage, and the presence of only a 2-nt duplication in the (ϩ)viroid sequence-make the presence of an infectious (ϩ)PSTVd or (ϩ)TPMVd contaminant in our experiments extremely unlikely.
DISCUSSION
After in vitro transcription, ribozyme-matured (Ϫ)viroid RNAs to be used as inocula were purified by electrophoresis. Such purification greatly reduced the possibility of retaining in the inoculum trace amounts of accidentally transcribed (ϩ)viroid RNA. In the case of the transgenic plants designed to express (Ϫ)PSTVd RNA, insertion of the transgene in the vicinity of a plant promoter could drive production of (ϩ)PSTVd RNA. Three observations make the presence of such a promoter an unlikely explanation for the infections observed. First, in experiments involving Agrobacteriummediated insertions of promoterless genes, only 25% of insertion events were oriented properly near an endogenous promoter (28, 29) . In our experiments, 60% of the transgenic lines became infected. Second, the cauliflower mosaic virus 35S promoter was 100-fold more active than the endogenous promoters found driving the promoterless genes (28) . Third, the absence of ribozyme activity and the presence of only a 2-nt sequence severely limits the potential for (ϩ)PSTVd RNA transcripts to mature to the correct size. For example, previous Agrobacterium-mediated inoculation studies have shown that a 35S promoter-driven (ϩ)PSTVd cDNA construct containing a 4-nt sequence duplication is only weakly infectious (30) . The question then arises: How are precisely full length, linear (Ϫ)strand viroid RNAs, molecules that normally are not detectable in vivo, able to initiate the infection process? Fig. 6 contrasts an asymmetric, rolling circle mechanism of the type believed responsible for PSTVd replication with the symmetric mechanism used by ASBVd and certain viral satellite RNAs. Note that the template for synthesis of (ϩ)strand progeny in the asymmetric mechanism is an uncleaved multimeric (Ϫ)strand RNA. If normal PSTVd replication were to proceed via a symmetric (rather than an asymmetric) mechanism, infected tissues should contain circular forms of (Ϫ)PSTVd as well as (ϩ)PSTVd RNA.
Although an earlier analysis of partially double-stranded PSTVd replicative intermediates labeled in vivo with 32 P failed to detect such molecules, the fingerprinting methods used would not have been able to detect relatively low levels of circular (Ϫ)PSTVd RNA (11) . Even the 100-fold greater sensitivity of our methodologies, however, failed to reveal any evidence for replication via a symmetric pathway. Circularized (Ϫ)PSTVd RNA was detected only in transgenic plants that constitutively expressed the corresponding precisely full length linear RNA. Once the incoming (Ϫ)PSTVd RNA, as an inoculum either synthesized in vitro or expressed in planta, becomes circularized, the initial stages of the ensuing replication process in the host cell would resemble steps 3-6 of a symmetric, rolling circle mechanism (Fig. 6B) . After the appearance of the first molecules of (ϩ)PSTVd or (ϩ)TPMVd progeny, replication then could continue via the normal asymmetric pathway shown in Fig. 6 A.
Provided that precisely full length (Ϫ)PSTVd RNA is able to initiate infection, why should its specific infectivity be so much lower than that of the corresponding (ϩ)strand RNA? Production of a large (i.e., 20-to 100-fold) excess of (ϩ)RNA during the replication of most (ϩ)strand RNA viruses implies that the viral replicase prefers (Ϫ)RNA as a template, and the transition from (Ϫ) to (ϩ)strand synthesis appears to involve the recruitment of additional host factors by the viral replicase (31) . The RNA replicase encoded by RNA 1 of the flock house virus (a member of the Nodaviridae) has been shown to support the in vivo replication of either (ϩ) or (Ϫ)strand transcripts of RNA 2, but the presence of even two nonviral nucleotides at the 5Ј end of the primary (Ϫ)strand transcript was sufficient to severely inhibit RNA 2 replication (32). As first pointed out by Diener (10) , the existence of an efficient mechanism for the precise cleavage of monomeric viroid progeny from oligomeric (ϩ)strand replicative intermediates may obviate the need for defined signals specifying initiation or termination by an RNA replicase on a circular template. Circularization would thus represent a key event in the infection process for either an incoming (ϩ) or (Ϫ)strand viroid RNA. Like the hepatitis delta virus, PSTVd and related viroids replicate in the nuclei of infected cells, where the enzyme involved appears to be the ␣-amanitin-sensitive, host-encoded RNA polymerase II (33, 34) . The vast majority of both (ϩ) and (Ϫ)strand PSTVd RNAs is located in the nucleolus (35) , and in planta transcriptional assays independent of PSTVd replication recently have shown that monomeric PSTVd RNAs of either polarity contain promoter sequences recognized by cellular RNA polymerase(s) (36) . Differences in the efficiency of transport from cytoplasm to nucleus after mechanical inoculation (possibly as a result of nuclease degradation associated with its less stable secondary structure; see Fig. 5 ) could explain the relatively low specific infectivity of (Ϫ)PSTVd RNA. Studies have shown that both (ϩ) and (Ϫ)strand monomeric hepatitis delta virus RNAs are infectious (37, 38) .
The relationship between the secondary͞tertiary structure of viroids and their various biological properties remains poorly understood. For PSTVd and related viroids, pathogenicity and͞or replication is modulated by at least three discrete sequence or structural elements (39) , and within the so-called pathogenicity domain of PSTVd, there is a strong correlation between symptom severity and the relative orientation of three short helical regions within the overall rod-like native structure (40) . Formation of other critical structural elements, especially those involved in replication-related events, appears to require disruption of the familiar rod-like native structure.
Thermal denaturation in vitro causes the native structure of PSTVd and related viroids to undergo a highly cooperative transition to a branched structure containing 2-3 alternative interactions known as ''secondary hairpins'' (41) . Formation of secondary hairpin II appears to be essential for infectivity (21, 42) , but it is not yet clear whether this interaction is operating at the level of the (ϩ) or (Ϫ)strand RNA. Mutational analysis suggests that formation of secondary hairpin II is essential for the ability of multimeric (Ϫ)PSTVd RNA to act as template for the synthesis of (ϩ)strand progeny, possibly by regulating the competition between the energetically favored, rod-like native structure and various metastable structures (43) . In this view, the primary function of the native structure may be to ensure the long-term survival of the unencapsidated viroid RNA within the host plant.
At the present time, mutational analysis of viroid function is heavily dependent on infectivity assays carried out in vivo. Studies of the structural properties of the various (ϩ) and (Ϫ)strand RNAs found in infected cells have, in contrast, been carried out almost exclusively in vitro. The ability to conveniently prepare large amounts of infectious (Ϫ)strand PSTVd RNA in vitro means that, for the first time, it is now possible to examine directly the biological and structural properties of all components of the replicative pathway. Studies comparing the ability of (ϩ)strand and (Ϫ)strand PSTVd RNAs to enter the nucleus of potential host cells and move from cell to cell via the plasmodesmata are currently in progress.
